Abstract. The role of drop collision-coalescence as a means of reducing drop number concentrations, and hence cloud condensation nucleus (CCN) concentrations as these are cycled in the stratocumulus-capped marine boundary layer, is investigated. We focus on the impact of this process on the mass-mean size of CCN in the absence of wet deposition, and compare this mechanism with size changes resulting from mass addition through aqueous chemistry. The modeling framework is a two-dimensional eddy-resolving model that includes explicit treatment of aerosol and drop spectra, as well as the solute transfer between drop size bins. The microphysical processes considered are droplet activation, condensation/evaporation, collision-coalescence, sedimentation and .regeneration of particles following complete evaporation. It is shown that for a case exhibiting negligible wet deposition, collision-coalescence can significantly reduce drop concentrations (22% 1 h-) resulting in a measurable increase in particle mass-mean radius of about 7% h -1. In order to extend the validity of these results, trajectory analyses of parcel in-cloud residence times have been used together with box model calculations of collision-coalescence to explore the parameters affecting processing through collisioncoalescence. This trajectory information is also used to deduce the extent of in-cloud conversion of SO2 to sulfate. Comparisons show that the two mechanisms may produce comparable rates of increase in the mean particle size under certain conditions. Results for remote marine conditions suggest that aqueous phase chemistry may have a greater impact at lower cloud liquid-water contents, whereas collision-coalescence may dominate at higher liquid-water contents, or for broader drop spectra.
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]; the proposed sensitivity of the cloud properties to changes in CCN concentrations [e.g., Twomey, 1977] ; and the generally low CCN concentrations present in this system, which magnify the impacts of cloud processes on the aerosol [e.g., Albrecht, 1989 ]. Our approach is to develop and apply a numerical model that can be used to develop estimates of the magnitude of the effects of collision-coalescence, considered separately from other processes and for specific, limited timescales. Then, the magnitude of the effects of aqueous chemistry on similar timescales is examined.
In order to address these issues in a numerical model, a framework that predicts CCN and drop spectra in an explicit sense (i.e., bin-resolved spectra), and also calculates properties of the CCN in solution is required. This is true for studies of both aqueous chemistry processing and collision-coalescence processing. A number of previous studies have included some level of knowledge of drop solute. Pioneering work by Flossmann et al. [1985] calculated bulk properties of solute (e.g., total mass), whereas more recent work by Trautmann [1993] and Chen and Lamb [1994] solves for a two-dimensional drop size distribution n (x, a), where x represents drop mass and a represents aerosol mass. These techniques provide a more complete description of CCN-drop interactions than the bulk approach. Nevertheless, they are computationally extremely expensive and to date have only been included in onedimensional models, or kinematic models with prescribed flow.
In this work an attempt is made to provide a balance between resolution of CCN spectra, drop spectra, and cloud processing of CCN on the one hand, and the dynamics of a stratocumulus-capped boundary layer on the other. It is noted that the vertical velocity field w is critically important in a number of respects. First, it is responsible for generating local supersaturation and the activation of droplets, and second, as shown by Feingold et al. [1996] , it plays an important role in drizzle-drop formation by determining in-cloud residence times. The issue of in-cloud residence time is central in a number of regards. It determines the time available for aqueous chemistry before a parcel leaves the cloud; it determines the time available for collision-coalescence to deplete drop number (and by induction, CCN concentration); and it determines whether precipitation will form. Precipitation (although not the focus of this work) is in turn important, both as a means of removing CCN number and mass, but also as a way to modify the thermodynamic structure of the boundary layer. Indeed, drizzle has been implicated as a possible means for decoupling the boundary layer and breaking up stratocumulus decks [Nicholls, 1984; Paluch and Lenschow, 1991] . The nature of this interaction between microphysics and dynamics in stratocumulus environments is such that both processes must receive due attention.
Simple dynamical frameworks are unable to predict probability distribution functions (PDFs) of w or in-cloud residence time very well, and even two-dimensional models produce PDFs that differ from full three-dimensional models [e.g., Stevens et al., 1996] . Kogan et al. [1994] recognized this limitation and examined the regeneration of CCN from cloud drops using various ad hoc schemes within a three-dimensional large eddy simulation (LES) framework. However, that study did not include solute transfer between drop bins, which is needed to evaluate the effects of collision-coalescence on the CCN spectrum.
With these issues in mind, for the purposes of the study presented here, a two-dimensional dynamical framework for the MBL, and bulk treatment of solute within each bin of an explicit drop microphysics scheme has been chosen. Details of this model formulation are furnished in section 2. This model is used to examine the spatial distribution of CCN during the development and evolution of the stratocumulus-topped MBL, and the spatial variation of changes in the CCN spectrum attributable to collision-coalescence processing in the absence of wet deposition. The structure of the MBL produced in our model is also examined to ensure that it is physically reasonable, supporting its use for the study of aerosol processing. It should be mentioned that, although three-dimensional numerical experiments coupled to this microphysical treatment are feasible on larger-scale computers, the number and scope of such simulations would be limited. We instead have opted to present results from several two-dimensional studies designed to test the sensitivity of the MBL development to details of the microphysical scheme. Using these results, it is shown in section 4 that, with appropriate averaging techniques, the processing of aerosol can be investigated using a parcel-model framework, further increasing the parameter space that can be explored. In addition, use is made of previous threedimensional MBL studies to perform this averaging, mitigating the drawbacks of basing processing estimates only on the twodimensional simulations. Section 4 also discusses the significance of these results and compares them to aerosol processing due to aqueous chemistry.
Model Description
The model used in this study is the LES version of the Regional Atmospheric Modeling System (RAMS) model developed at Colorado State University [Pielke et al., 1992] , that calculates droplet growth explicitly following the momentconserving techniques of Tzivion et al. [1987, 1989] . It is used in its two-dimensional form, and as such is more correctly termed an eddy-resolving model (ERM), rather than an LES model. It has been applied to stratocumulus studies in a number of works [FeingoM et al., 1994 [FeingoM et al., , 1996 Stevens et al., 1996] [Mordy, 1959] . The degree to which these particle sizes are subequilibrium is directly proportional to the size of the CCN.
Those activated CCN that do not achieve the size of the lowest drop bin are placed at the lower end of the first drop bin.
Modifications for This Study
The major modification in this study is the inclusion of algorithms that keep track of solute within the drops following the activation of CCN [e.g., Flossmann et al., 1985] . However, in contrast to that work, which solved for the value of drop spectra at discrete points, the current work employs a momentconserving approach whereby moments of the bin distribution function are predicted. In addition to droplet mass and number in a bin (M•, and Nk, respectively), we also predict on the solute concentration in a bin, Sk. This brings the total number of equations for drop and CCN related scalars to 103; 25 equations for each of N•, M•,, and S•,, and 14 equations for both the number and mass of aerosol in a bin.
Solute is transferred from one bin to another via the processes of condensation/evaporation and stochastic collection. The former are solved on an Eulerian grid (described more fully below), using the technique of Tzivion et al. [1989] , with solute moving at the same rate as the droplet growth rate. In the case of collection, it is noted that the Tzivion et al. [1987] algorithm is written in a manner that permits the identification of individual interactions between bins. Thus, solute is easily and efficiently moved between bins at a rate determined by the collection kernel for the drops. Each of these algorithms conserves solute mass absolutely. The parent algorithms for drop interactions conserve total number in the case of condensation, and total mass in the case of collection.
Regeneration
The process of regeneration of particles following complete evaporation follows the principle that one particle is regenerated for every drop evaporated [Mitra et al., 1992] and is thus facilitated by knowledge of N•,, which represents when summed over the spectrum, the potential number of CCN that can be regenerated. The treatment of regeneration of CCN following the evaporation of droplets is central to the current investigation, and will be discussed here in some detail. The most appropriate way to study regeneration is through the use of a Lagrangian (moving) mass-grid; in this scheme, drops are identified by their dry particle size, that is, by the size of the particle on which they formed. Drops are then allowed to grow or evaporate depending on the ambient water saturation ratio, and the characteristics of the CCN particle within the drop are fully retained. Unfortunately, the stochastic collection equation is not amenable to solution on a Lagrangian grid. Each collision-coalescence event between drops would generate a new particle size and a rapid proliferation of discrete points to be followed. Moving mass grids are also not suitable for use in Eulerian (fixed) spatial grids.
Since the current study focuses on the collision-coalescence mechanism, an Eulerian framework (both in mass and physical space) has been selected. mented such a scheme (Rloan3) , but selected as the additional moment the particle surface area (the second moment with respect to radius) rather than radar reflectivity (the sixth moment with respect to radius), since the ratio of particle mass to surface area provides direct calculation of the radiatively important particle effective radius.
The third scheme tested, which has been adopted for the majority of the simulations presented in this study, regenerates particles in a manner commensurate with the degree of depletion of a given CCN bin [Cotton et al., 1993] . Since large CCN are more readily activated, the bins representing the larger CCN have a higher probability of receiving regenerated particles than lower bins. Mathematically, this can be written as follows. A function rkk(t) is defined such that and Nr(t ) is the total number of particles regenerated. Regeneration of particle mass uses (4) and the assumption that particle mass resides at the bin center. This scheme will henceforth be referred to as Rac t.
Omissions
In the current study, impaction scavenging of CCN is neglected since it is of secondary importance [Flossmann et al., 1985 or higher, and thus eliminates the effect of precipitation removal on the CCN spectrum. Note that the simulations to be presented are not intended to be case studies of this event, but rather to provide a physically plausible framework for investigating the processes under discussion.
The two-dimensional simulations take on the order of 24 hours CPU on a 60-MHz processor workstation. Although many of these simulations have been performed, only a few representative results will be presented.
3.
Results of MBL Simulation
Regeneration Experiments Excluding
Collision-Coalescence
As discussed above, the ability to discern processing of the CCN spectrum may be limited by the manner in which particles are regenerated. The first set of experiments considers a cloud in which the only cloud processes simulated are activation, condensation, and evaporation. In this case, there should be no processing of CCN spectra, so that the ideal scheme would exactly regenerate the input spectra. The runs shown here initialize the CCN fields according to a lognormal distribution with total number, N -50 cm -3, median radius r e = 0.08 /am, and geometric standard deviation rr of 1.8 (constant throughout the domain). It is immediately apparent that the R•oen scheme creates a bimodality in the CCN spectrum that is not entirely removed when a third moment is carried, whereas the R ac t scheme conserves the spectral form (except, of course, within the cloud layer, where the average shown' is for a region depleted in CCN). Note that all schemes conserve total mass and number, and hence regenerate the correct global mass mean diameter for the aerosol. The creation, however, of a second mode in the R•oan scheme is an undesirable feature since it affects subsequent activation events and obscures possible evidence of bimodality related to a physical process rather than a numerical artifact. Given the fact that the three-moment scheme requires significantly more computational time and memory, and in the absence of any clear advantage, Rac t has been chosen in subsequent simulations. 
Experiments Including

Discussion
In a marine stratocumulus cloud, one can expect both physical processing through collision-coalescence and chemical processing via aqueous phase chemistry to be occurring simultaneously; the effect of the former, as shown here, is a decrease in CCN concentration without change in total mass, while the effect of the latter is an increase in CCN mass without change in number. Consider a CCN spectrum represented by total mass Ma and total number Na, quantities integrated over the size distribution. The mass-mean radius of this spectrum r a is given by r, oc . 
Relating Collision-Coalescence Processing to CCN Processing
Results presented in section 3 suggest that the stratocumulus cloud in our case study may be able to reduce cloud drop 
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Depletion Factors D (t) (%) and Percentage Increase in Particle Radius Based on the Eddy-resolving Model Simulation where Na(O) is the number of drops initially activated and d(t) is Na(t)/Na(O), the ratio of the drop number at time t to that at time 0. We define D(t) = 1 -d(t) as the degree to
This depletion in Na can be related to the change in particle radius using (6b):
ra(t) [ Na(01] -•/3 ra(O ) --1 --D(t) Na(O . (9)
Equation (9) shows that in order to impact the mean radius for the entire population, r a, through collision-coalescence processing, it is necessary that there be a high degree of depletion (large D), and also that the process be working on a significant fraction of available CCN (Na(O)/N,(O) close to unity). Note that a larger impact is expected if an increase in the mean size of only those particles that were activated were computed. In In Table 1 where the shift in mean radius is calculated as 18%. For a sodium chloride particle, this change is equivalent to shifting the critical supersaturation for the mean particle size from 0.013% to 0.010%, implying a feedback of this process to the subsequent cloud evolution; this aspect will be discussed further in section 5. These estimates of the impact on the aerosol spectrum are based on domain averages of the extent of depletion, but are nevertheless useful for calculation of firstorder effects. In addition, these simple equations can be applied to other systems, if a means for estimating D(t) is available, since one can estimate Na(O) from the typical cloud supersaturation and the CCN activation spectrum. In the following subsection methods of determining D (t) are examined. was used to relate the drop depletions in Figure 9 t 0 changes in mean particle size; the results are reported in Table 2 . The impact upon radius is highly variable, ranging from negligible to on the order of a 10% change over the course of 1 hour of processing.
Time Available for
Timescales for Aqueous Chemistry Processing
The degree to which the aqueous phase addition of mass impacts aerosol spectra has been discussed at length by Hoppel et al. [1989] , who proposed this as a mechanism to create the bimodal aerosol spectra frequently observed in the marine boundary layer. Their hypothesis is that repeated cycling of aerosol through nonprecipitating clouds deposits sulfate mass onto those particles activated in "typical" marine cumulus environments (i.e., those larger than about 0.06 tam in radius). The particles resuspended upon evaporation of the drops have been grown to larger size, and eventually form a separate, larger mode at about 0.09 tam, that is distinguishable from smaller particles that are not active as CCN at those supersaturations. In their analYSiS, they assumed long timescales to examine the cumulative effect of the aqueous phase mass addition process; here, the effects of this process will initially be examined on a shorter timescale, consistent with the timescales selected for the collision-coalescence process.
Estimates using reaction timescales from Chameides [1984] .
The methodology discussed in section 4.2 is now employed to evaluate the effects of in-cloud residence times upon the extent of aqueous phase conversion of SO2 (S[IV]) to sulfate (S[VI]).
The conceptual model is that of air parcels, with specified initial gas phase concentrations of SO> introduced into the 
f f(t) dt PDF is probability distribution function.
Here, c(t) is the extent of chemical conversion at a time t, which has been estimated using the results of Charneides [1984] . In his study, he determined the percent conversion of S[IV] to S[VI] as a function of time for ambient conditions representative of a marine stratiform cloud. The percent conversion increases as cloud liquid-water content is increased, and decreases as initial SO: concentrations are increased. In the latter case, the rate of oxidation for initial SO: concentrations above about 1 ppbv was inhibited •by the depletion of the oxidant hydrogen peroxide; however, total mass converted to S[VI] over a time period, the quantity of interest here, can still be appreciably larger than that computed for lower initial gas phase levels.
In Table 3 (Table 4 ) may be compared to that for physical processing alone (Table 2 ). The effects upon radius increase with LWC for both processes, but the rate of increase is much greater for the collis{on-coalescence mechanism. Aqueous chemistry produces noticeable effects (a few percent change in size) for the low LWC value, whereas collision-coalescence has a negligible effect upon mean size for low liquid-water contents. In contrast, the impact of collision-coalescence is com- The results in Table 2 through Table 4 consider only a small subset of the conditions for aqueous phase chemistry and physical processing that may exist in the atmosphere, and the relative importance of the two mechanisms may vary substantially depending upon these conditions. These results do, however, suggest that the impacts of collision-coalescence on the CCN spectrum regenerated from nonprecipitating clouds can, under some circumstances, be as substantial as those resulting from aqueous phase production of particulate mass. Both processes increase the mean size and thereby enhance the cloudnucleating activity of the CCN in subsequent cloud cycles.
Further, collision-coalescence represents a means of reducing particle number concentrations in addition to affecting mean size, and thus could assist in reducing high number concentrations of particles advected from continental regions (on the order of 1000's cm -3) to observed lower values over marine regions (on the order of 100s cm -3) [Hudson, 1993] . Kritz [1982] derived values of 2-4% per hour for the marine boundary layer with cumulus. Both of these estimates are significantly lower than even our lowest hourly conversion rate of 11%. These apparent discrepancies can be reconciled by recognizing that, whereas the present study considers a single cloud-cycling event of at most a few hours' duration, budget studies of necessity average over longer time periods to deduce total source and sink rates of the species. Thus, the budget studies weight the overall conversion by the frequency of occurrence and persistence of cloud cover.
The two approaches may be reconciled by extending the hourly mass conversion estimates over longer time periods, using assumed cloud frequency distributions. Pruppacher and Jaenicke [1995] suggest an areal cloud coverage for stratus/ stratocumulus of 23% based on the data of Warren et al. [1986] ; this may alternatively be interpreted as the presence of such cloud for 23% of the time, on average. Applying this fraction to the 11% h-• conversion derived here, an overall conversion rate of 2.5% h -• is obtained, in excellent agreement with earlier studies. The areal coverage of Cu is estimated as 7% by Pruppacher and Jaenicke [1995] ; applied to our highest conversion rates of 54% h -•, overall conversions near 4% h -• are obtained. The 7-23% areal cloud coverages also account for factors of 4 to 14 in the hourly versus longer-term rates, bringing our mass addition rate estimates closer to that used by Hoppel et al. [1989] , with additional unaccounted-for differences attributable to our assumed gas phase SO2 concentration. These comparisons are not meant to be completely quantitative, but to show that the different estimates obtained by examining processing on short and long timescales can be reconciled by invoking reasonable estimates of regional cloud coverage. This observation implies that the rate of change of mean particle size due to aqueous phase mass addition may be substantially underestimated if steady state mass budget arguments are used. Our results suggest that significant modification of the aerosol size spectrum can occur during one cloud cycle, and that this conclusion is based on rapid mass addition rates that are nonetheless consistent with longer-term averaged ones.
Summary and Conclusions
A two-dimensional eddy-resolving model of the stratocumulus-capped marine boundary layer has been presented. The model is coupled with a microphysical model that explicitly resolves the drop and CCN spectra, and allows for solute transfer between drop bins. The model is used to evaluate cloud processing of the CCN spectrum through the collisioncoalescence process for a case where precipitation removal is minimal. In order to extend the validity of these results, trajectory analyses of parcel in-cloud residence times derived by Stevens et al. [1996] have been used together with box model calculations of collision-coalescence to explore the parameters affecting processing through collision-coalescence. This trajectory information is then used to deduce the extent of in-cloud conversion of SO 2 to sulfate.
The simple analyses reported here place some bounds on the degree to which a persistent stratocumulus layer cloud of about 300 m depth can impact the aerosol spectrum, and in addition, compare the relative importance of physical and chemical processing under some marine-type conditions. Collision-coalescence increases the mean size of the CCN regenerated from a nonprecipitating cloud by reducing the number concentration and maintaining constant mass. This effect is small, but measurable. Aqueous phase chemistry, on the other hand, also increases particle size, but does so via the addition of particulate mass to a constant number concentration.
The results shown here suggest that the two mechanisms may produce comparable rates of increase in the mean particle size under certain conditions. In particular, aqueous phase chemistry may have a greater impact at lower cloud liquid-water contents, whereas collision-coalescence can produce substantial changes on short timescales at higher r•, or for broader drop spectra. An interesting inference is that the collision-coalescence mechanism will tend to accelerate during a cloud cycle. This is because the increase in particle size reduces the critical supersaturation of the particle, making it a more effective CCN [Hudson, 1993; Flossmann, 1994] ; further, depletion of the CCN number concentration results in the formation of larger droplets since there are fewer condensation sites available, and these larger droplets have faster collision-coalescence rates. In contrast, the rate of aqueous phase chemistry is not expected to accelerate, and is instead likely to slow down during a cloud cycle. As gaseous reactants are depleted, the rate of reaction slows, and the overall conversion of species may in fact be limited by the consumption of one or more reactants. Also, aqueous phase chemical reactions such as the conversion of S[IV] to S[VI] produce acidic species, decreasing the p H of the cloud water and reducing solubility as well as the rates of some p H-sensitive reactions. These observations suggest that the relative importance of physical and chemical processing may also vary with time during a cloud cycle.
In order to focus on the impact of collision-coalescence on the CCN spectrum, the current model has ignored a number of aerosol processes such as impaction scavenging, new particle sources, and particle coagulation. The neglect of concurrent, coupled gas and aqueous phase chemistry calculations means that the results presented here are in some respects tentative. Nevertheless, they are useful in that they place some bounds on the extent of processing through collision-coalescence and provide a baseline for future work that will address a more comprehensive number of variables.
